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The study of the virtual bremsstrahlung in proton-proton scattering
presents a challenge to the experimentalist. It requires to efficiently
measure a very small cross section for the p+p → p+p+e++e− reaction
in the presence of a huge physical background due to the elastic chan-
nel and the ppγ reaction, as well as other sources of background. The
total cross section for the elastic pp scattering is approximately 10 mb
while the total cross section for the bremsstrahlung reaction p + p →
p + p + γ is in the order of 1 µb, whereas the total cross section for the
ppe+e− reaction is around 10 nb. An additional source of background
is e.g. the (virtual) bremsstrahlung production on heavier nuclei in the
target cell windows. Besides these sources of background, this experi-
ment also has to deal with experimental sources which are associated
with conversion of real photons produced in ppγ events by external
pair creation. These sources of background are particularly difficult to
distinguish from the events of interest: ppe+e− .
A number of steps were taken to reduce the background and increase
the efficiency of the measurement. For this purpose a liquid hydrogen
target was designed and built to allow this measurement to be per-
formed at the necessary high luminosity. The hadron detector system
SALAD was designed for an optimal high-luminosity measurement in
combination with high quality (polarized) proton beams with energies
available at the KVI. Particularly, an efficient triggering scheme was
devised greatly reducing background originating from elastic events.
For the detection of dilepton pairs the Plastic Ball detector was used
covering 77% of the 4pi solid angle (which includes 94% of the backward
hemisphere) with high segmentation and essentially 100% efficiency for
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lepton detection and identification.
In this chapter all the elements involved in the measurement of
p+p → p+p+e+ +e− are discussed. This includes, among others, the
descriptions of detectors and detection methods as well as hardware
and software for the data acquisition. We would like to stress that
both detectors, SALAD and Plastic Ball, are self-sustained, and each
detector is independently used to measure the different parts of the
reaction: SALAD for protons, and Plastic Ball for the two leptons.
Nevertheless, the main trigger for each event is produced only if signals
from both detectors are received in a narrow time window. Events
produced in such manner are called coincidence events.
This experiment follows a pilot measurement described in detail in
[Mes99]. The previous experiment was performed at KVI using the
SALAD and TAPS1 detector. The main conclusion from the pilot ex-
periment was the need to increase the dilepton-pair detection efficiency,
covering as much as possible the full leptonic phase-space, which was
realized by using the Plastic Ball detector instead of TAPS.
4.1 The KVI facility
The measurement reported in this thesis was performed at KVI Gronin-
gen. The heart of the KVI facility is the superconductive cyclotron
AGOR2, which has been constructed and built in collaboration with
IPN3 Orsay, France. The cyclotron magnet is built with supercon-
ducting coils that can produce magnetic fields of up to 4 T. Due to
the superconducting coils, a compact design was possible such that the
three-sector cyclotron has a pole diameter of 1.88 m with accelerating
electrodes placed within pole valleys.
Protons can be accelerated by AGOR up to 200 MeV while for
heavy ions the energy depends on the charge-over-mass ratio q/A. The
proton beam energy for the measurement described in this work was
190 MeV. The operational diagram in Fig. 4.1 shows which energies can
be obtained for different q/A ratios. The maximum energy for q/A = 2
















Figure 4.1: Operational diagram of the cyclotron AGOR. Points represent
different extracted beams.
There are three external ion sources in use. A multi-cusp source,
capable of producing hydrogen and helium ions, was used in our ex-
periment. The current of the source, and therefore the beam current
at the target, during the measurements was limited by the efficiency
of the data acquisition and capability of the setup to function properly
under high rates. In addition to the multi-cusp source, the facility is
equipped with an ECR ion source, which is used to produce different
highly-ionized heavy-ion beams, and with a polarized ion source that
can deliver polarized proton and deuteron beams.
On the floor plan of the facility (Fig. 4.2) the beam lines and the
experimental setups are shown. The Plastic Ball and SALAD experi-
mental setup is placed at the end of the so-called p-line. While this is
the first experiment at KVI in which the Plastic Ball was used, SALAD
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Figure 4.2: Floor plan of the KVI facility. The beam lines guiding the beam
from the cyclotron AGOR to the experimental area are shown together with
two experimental setups: BBS and SALAD with Plastic Ball.
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has been part of many experimental studies concerned mainly with
hadronic interactions in few-body systems. To the right side of the
Plastic Ball the Big-Bite Spectrometer (BBS) [Ber95] is located which
was used in a coincidence setup with the Plastic Ball recently [Gar].
The magnetic spectrometer, BBS, is equipped with the focal-plane po-
larimeter detection system. The incoming beam line is equipped with
an In-Beam Polarimeter (IBP) [Bie01] used for measurements of the
beam polarization in experiments with polarized beams.
4.2 The liquid hydrogen target
In this experiment we have used a liquid hydrogen target that has been
designed at the KVI in collaboration with Vacuum Specials BV. The
target cell shown in Fig. 4.3 was made of high purity aluminum and








Figure 4.3: Detail of the target setup. The target cell is shown as well as
the empty frame and the ZnS target.
cold head, driven by the helium compressor, is capable of cooling the
target cell down to 10 K. Two temperature sensors and a small heat-
ing element were inserted into the neighborhood of the target cell and
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used to stabilize a preset temperature value with a feedback controller
produced by Lake Shore Cryotronics, Inc. (mod. DRC-93CA).
The cylindrical target cell has a thickness of 10 mm and a diame-
ter of 20 mm, thus containing approximately 3 cm3. The target cell
windows were made of 4 µm thin synthetic aramid foil4, thus leading
to a minimal background. Operational values for the target cell were
held above the hydrogen triple point (T=13.84 K, P=70.4 mbar) at
15 K and a pressure between 140 and 210 mbar. In the liquid phase
of hydrogen in the target cell one produces a target with a nominal
thickness of 72 mg/cm2.
The positioning of the beam spot at the center of the target was
controlled by monitoring the fluorescent ZnS target with an infra-red
camera. The beam spot size was estimated to be about 2 mm in diame-
ter. To delocalize the heat dissipation of the traversing beam, the whole
target setup was put into a wobbling motion (1 Hz) perpendicular to
the beam direction, allowing a movement of the target for about±3 mm
compared to the beam position. An empty frame without aramid foils
was used to check for background originating from beam-halo hitting
the target cell material.
4.3 The Small-Angle Large-Acceptance Detector
The Small-Angle Large-Acceptance Detector (SALAD) [Kal00] was con-
structed for high particle rate measurements at forward angles. Origi-
nally it was built with two multi-wire proportional chambers (MWPC)
and two segmented scintillator layers. In our measurement we use only
the smaller of the two MWPCs.
The solid angle coverage of the detector is about 400 msr covering
polar angles between 6◦ and 28◦. A cross-section view of the detector is
shown in Fig. 4.4. Note the beam pipe going through the detector which
limits the minimum scattering angle. The beam pipe was connected to
the scattering chamber by a large area foil built from 250 µm thick
Kevlar5 cloth and 50 µm thick Aramica6 foil, which were able to bear
a high vacuum of 10−6 mbar. This thin-foil construction was chosen
in order to minimize the energy loss of the particles impinging on the
4Toray, Japan
5Goodfellow Cambridge Ltd., Cambridge, UK.
















Figure 4.4: A cross-section view of the experimental setup showing the Plas-
tic Ball and SALAD detectors. The beam direction is from left to right.
Both MWPCs and SALAD scintillators have holes in the middle for the
beam pipe. The MWPC2 (shaded) was not used in this experiment.
SALAD scintillators.
4.3.1 The multi-wire proportional chambers
The two multi-wire proportional chambers were built in collaboration
between KVI and IUCF7. The smaller chamber has an active area of
380x380 mm2 and a hole of 6 cm diameter in the center to accommodate
the beam pipe. It consists of three wire-planes perpendicular to the
beam direction. Wires in the first plane are lined up in the x-direction
and in the second plane in the y-direction. The third plane contains
wires lined up in the u-direction which is tilted by 45◦ with respect to
both x and y. The bigger chamber has only x- and y-direction planes,
and an active area of 840x840 mm2.
For both chambers the distance between wires within a plane is
2 mm and the cathode-anode distance is 4 mm. Each wire plane is
7Indiana University Cyclotron Facility and Department of Physics, Indiana University,
USA
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sandwiched between two cathode frames, enabling an independent set-
ting of the high-voltage per plane. We have used a gas mixture of 80%
CF4 and 20% ISO-butane which results in a high gain and allows high
counting rates to be sustained. The operational pressure was kept at
2-3 mbar above atmospheric pressure and a flow of the gas through
the chamber was regulated to about 80 cm3 per minute for the small
MWPC.
Measurements of the MWPC efficiency are reported in [Vol99]. The
efficiency was found to be rather uniform over the entire detector for
all planes, excluding regions in the vicinity of the edges and the central
hole. At count rates of 1 kHz/(cm wire) the efficiency of all three
planes was 97-98% and at count rates of 2 kHz/(cm wire) it was 95-
96%. The average count rate during the present experiment was around
1 kHz/(cm wire).
The MWPC readout was realized via a LeCroy PCOS III CAMAC
electronics system. To accommodate the large number of readout chan-
nels every two adjacent wires in a plane were connected to one readout
channel. The angular resolution of the whole system is around 0.5◦.
In the previously performed experiments [Mes99, Hui99] it was noticed
that the position resolution and the MWPC efficiency was not (signif-
icantly) improved when the larger MWPC was included. The latter
was mainly used as a backup for the smaller MWPC. Thus a decision
was made not to use the larger MWPC in our experiment, and it was
subsequently removed from the SALAD setup.
4.3.2 The SALAD scintillators
SALAD has two segmented layers of scintillators placed behind the
MWPCs. The first layer, refered to as energy detectors, consists of
24 elements of 11.25 cm thick plastic scintillators (Bicron BC-408) ar-
ranged in an array. The second layer, refered to as veto detectors,
consists of 26 elements of 1 cm thin plastic scintillators arranged in a
similar way. As shown in Fig. 4.5, both layers are cylindrically sym-
metric and segmented in such a way that in the median plane of the
scintillator stack spherical symmetry is obtained. In this way a par-
ticle originating from the center of the target, placed on the cylinder
axis of symmetry in the median plane, will almost always traverse only
one scintillator bar per layer. The veto layer is somewhat bigger than




Front (back) view of energy scintillators
Top view
Energy scintillators
Figure 4.5: The SALAD scintillators; top and front view are shown.
subsection).
The dimensions of the energy and veto scintillator bars are given
in Table 4.1. The energy scintillator bars are connected with photo-
scintillator bar [mm] length width front width back thickness
ENERGY 436 61.2 68.7 112.5
VETO 480 71.2 71.9 10.0
Table 4.1: Dimensions of SALAD scintillators. The cross section of a bar
has a trapezoidal shape.
multiplier tubes via 160 mm long light guides. To cope with the
high particle rates expected in the energy scintillators a special photo-
multiplier base was developed for SALAD: the XP228/B photo-tube
was powered by a VD182K/B02 base developed by Philips Photonics,
France. This combination was able to operate at rates of up to 1 MHz.
The thick energy scintillators can measure the energy of protons up
to 130 MeV with an intrinsic resolution of 10%. Protons with higher en-
ergies punch through the thick energy scintillator and can reach the veto
scintillator. In our experiment the proton beam energy was 190 MeV
and protons detected in the veto scintillators were associated with the
elastic channel.
4.3.3 The SALAD trigger box
In order to decrease background events as much as possible, a dedicated
programmable CAMAC electronics module was constructed at KVI
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[Sch98], here referred to as the SALAD trigger unit (STU). The STU
module uses logic signals from all SALAD scintillators and additional
strobe signals. In our experiment the STU was programmed to compare
the multiplicity of hits in SALAD energy and veto scintillators within a
certain time window in coincidence with the Plastic Ball strobe signal.
By comparing the multiplicity NE of the particles detected in the energy
scintillators to the multiplicity NV of particles detected in the veto
scintillators a trigger was formed with the condition:
NE −NV ≥ 2. (4.1)
It is assumed that the above trigger condition reflects the situation
in which two inelastically scattered protons are detected in the energy
scintillators and not in the veto scintillators. Note that within the given
time window an elastic scattering can take place, which is expected to
be detected in both the energy and the veto scintillator layers, therefore
increasing both NE and NV by one, but the condition Eq. (4.1) remains
valid.
One of the strobe signals for the STU is issued by the Plastic Ball
detector. Depending on how the strobe signal is produced by the Plas-
tic Ball, inelastic protons detected in SALAD can be related to par-
ticles detected in the Plastic Ball. For example, in the case of the
ppe+e− reaction the strobe signal is produced when two electromag-
netic showers are detected in the Plastic Ball. If the condition (4.1)
is fulfilled when the strobe signal is issued, the coincidence trigger is
produced.
The coincidence trigger produced by the STU is obtained when at
least two inelastic protons are detected in SALAD and leptons or pho-
tons in the Plastic Ball, within a sharp time window of 35 ns. By the
careful timing it is assured that a coincidence between the two detec-
tors is achieved. The particles detected in both detectors thus originate
from time correlated reactions which includes the particles produced by
the same reaction.
4.3.4 The data acquisition of SALAD
The readout of the SALAD electronics is schematically presented in
Fig. 4.6. The whole system is based on the commercially available
VME, CAMAC and NIM electronic modules. The VME crate contains
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an Alpha-AXP computer (Digital) that is used to initialize the elec-
tronics in the CAMAC crate and acquire the data. This is done via a
CAMAC branch driver (CSE CBD 8210). In addition, to initialize part
of the electronics that was placed in the experimental area, a VAX-ELN
computer was used.
There are two sources of signals, the MWPC and the scintillators.
The MWPC is used to give accurate position information from which
the particle trajectory can be reconstructed, assuming that the detected
particle originated from the target center. The scintillators provide in-
formation about the energy deposition and the time of flight of a parti-
cle. The latter can be used for particle identification. The information
on particle position is combined with energy information to obtain the
momentum of a particle at the reaction vertex.
The LeCroy PCOS III system is used for MWPC readout. The
MWPC wires are connected directly to amplifier/discriminator cards
(LeCroy 2735PC) and the digitized signal is processed in delay/latch
CAMAC modules (LeCroy 2731A). The delay is introduced to gain
time for the trigger logic needed to initiate the readout. All the readout
modules are placed in a dedicated CAMAC crate next to the detector
in the experimental area. Once the strobe signal E1 is received by the
system controller (LeCroy PCOS 2738), all modules are latched and
the readout is sent to the databus (LeCroy 4299) which is placed in the
CAMAC crate outside the experimental area.
The signals from the scintillators feed active splitters, from which
one copy of the signals goes to the constant fraction discriminators
(CFD, LeCroy 3420), and the other copy is guided through long signal
cables to the analog-to-digital converters (ADC, LeCroy FERA8 4300B)
outside the experimental area. The CFD electronics is placed in a dedi-
cated CAMAC crate next to the detector and controlled via a dedicated
computer (VAX-ELN) within the experimental area. Digitized signals
from the CFD are guided outside the experimental area and used as in-
put for time-to-digital converters (TDC, LeCroy 3377), scalers (LeCroy
4434), and the STU. The readout of TDC and ADC units was managed
through a FERA driver (LeCroy 4301) which was connected to the Al-
pha AXP computer via the dual-port memory (DPM, LeCroy 1190).
The rest of the data was read out via the CAMAC controller. The STU
was used to produce the coincidence trigger as previously described in
8Fast-Encoding Readout ADC
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Figure 4.6: Schematic diagram of the SALAD electronics readout. For clarity
only the flow of signals originating from MWPC and scintillators is shown.
Thick lines represent the flow of digitized information, thin lines represent





The high-voltage for the MWPC (one channel per plane) and for all
photo-multipliers was supplied by a computer controlled LeCroy HV
1440 system.
4.4 The Plastic Ball
The Plastic Ball [Bad82] is a 4pi detector which consists of ∆E−E tele-
scopes forming a hollow ball structure that is split in two hemispheres.
The hemispheres are placed in such a way that the equatorial plane
is perpendicular to the beam direction. A structure supporting both
hemispheres is mounted on rails allowing movement of the hemispheres
and an easy access to the target chamber placed inside, as is shown
in Fig. 4.7 and photograph in Fig. 4.8. In its original setup the solid
angle coverage of the detector was 97% of 4pi. However, a rearrange-
ment of the detector setup was required for the present experiment to
accommodate SALAD at forward angles and the space for the liquid
hydrogen target. The backward hemisphere was left unaltered, cover-
ing polar angles between 90◦ and 160◦. From the forward hemisphere
the very forward detector modules were removed so that the rest was
covering angles between 50◦ and 90◦. In addition, a number of detector
modules has been taken from the top of the forward hemisphere where
pumps and the cold head of the liquid hydrogen target were placed.
After those rearrangements the detector consisted of 552 modules.
4.4.1 Plastic Ball detector modules
The geometrical shape of the detector modules is a triangular prism.
By putting together 11 different shapes it is possible to entirely fill
up a hollow ball structure. This geometrical design was taken from
the Crystal Ball [Oro82] detector. Each detector module covers a solid
angle of about 17 msr.
Individual detector modules are ∆E−E phoswich telescopes. Look-
ing from the target, each module has a thin layer of scintillating ma-
terial in front of the thick layer, which forms a ∆E − E telescope
detector. Choosing different scintillating materials with different signal
decay times it is possible to glue both scintillators together and collect
the scintillating light with one photo-multiplier. The common signal
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Figure 4.7: The drawing of the Plastic Ball detector together with SALAD.
Note that both hemispheres of the Plastic Ball can be moved to allow access
to the vacuum chamber.
with different decay times can be separated by pulse-shape analysis.
The Plastic Ball detector modules, as shown in Fig. 4.9, are built
from a 4 mm thick layer of CaF2 crystals measuring the energy loss
∆E of the detected particles and a 356 mm thick plastic scintillator
measuring the total energy E of the incoming particles. The plastic
scintillator acts as a light guide for the ∆E CaF2 crystal. Characteristic
decay times are 1 µs for CaF2 and 10 ns for plastic scintillator. The
PM is mounted directly to a light-guide which is glued to the plastic
scintillator.
The main reason for using a ∆E − E phoswich telescope is a good
charged-particle identification. In high-energy high-multiplicity mea-
surements the Plastic Ball was found to have excellent charged-particle
52
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Figure 4.8: The photograph of the Plastic Ball detector together with
SALAD. The vacuum chamber is visible in the center of the setup.
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Figure 4.9: The Plastic Ball detector module.
identification properties [Dos86]. In virtual-bremsstrahlung measure-
ments, the possibility to discriminate between photons originating from
e.g. real bremsstrahlung and leptons is a condition required for a suc-
cessful measurement.
4.4.2 The Plastic Ball data acquisition
The readout of the Plastic Ball scintillators is performed via standard
CAMAC and NIM modules and some dedicated electronic modules.
The schematic diagram is shown in Fig. 4.10. A VME AXP computer
was used to initialize and read out the data using a CAMAC branch
driver (CSE CBD 8210).
The photo-multiplier signals are split into two parts. One part is
sent through long signal cables (equivalent to ≈ 560 ns delay) to a
second splitter which is placed outside the experimental area. The two
signals obtained from the second splitter are fed to charge-integrating
ADCs (LeCroy 2280). By applying different integration gates to the
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2280   E
Figure 4.10: Schematic diagram of the Plastic Ball electronics readout. Black
lines represent the scintillator signal flow and grey lines logic signals. See
text for further explanation.
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components in the signal. In our case we have applied a long gate
of 1.25 µs to charge-integrate the whole signal and a short gate of
approximately 240 ns to obtain the response of the fast i.e. the plastic
scintillator component.
The other part of the signal from the first splitter was used as in-
put for so-called Ball-Boxes. These dedicated electronic modules were
originally constructed for high-multiplicity measurements. Each elec-
tronic module can accept up to eight input signals which are fed to
leading-edge discriminators. A multiplicity output with signal height
reflecting the number of simultaneously present input signals (1 to 8)
as well as individual (ECL) outputs per channel are produced. The







Figure 4.11: Schematic layout of the Plastic Ball detectors. Detectors (tri-
angles) shaded grey are either not part of the original setup or they were
removed to free space for the target setup and SALAD. Thick black lines
mark clusters of six, five, or three neighbouring detectors that are connected
to the same ball-box module, as described in the text. Note that this figure
represents a topological 2-D projection of the ball.
For the purpose of the present experiment a choice was made on
how to group individual detectors into the ball-boxes. Our concern was
to reduce the number of input channels to a manageable size while
still keeping a high sensitivity and be able to measure events with
small opening angles. The chosen scheme, where a number of detec-
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tors were grouped into small clusters and all detectors within a cluster
were connected to the same ball-box electronic module, is schematically
shown in Fig. 4.11. The 552 input channels fed into ball-boxes pro-
duced 101 output channels (one per ball-box electronic module). The
multiplicity outputs from the ball-boxes are discriminated once more
in leading-edge discriminators at the level corresponding to a single-
channel signal (N ≥ 1) and then OR’d with multiplicity NIM modules
(LED+Multiplicity). The multiplicity output produced is representing
the number M of simultaneously present clusters. Events with associ-
ated multiplicities M≥1 and M≥2 were defined reflecting ”one or more”
and ”two or more” clusters fired in the Plastic Ball. The signals pro-
duced by these events were used as the strobe signals for the STU.
The read out of TDC CAMAC electronics placed in the experimen-
tal area occured via a databus module (LeCroy 4299) placed together
with the ADCs outside the experimental area. High-voltage was sup-
plied to the photo-multipliers using three LeCroy HV 1440 mainframes.
4.5 Coincidence setup between SALAD and Plas-
tic Ball
In order to perform an exclusive measurement of the ppe+e− reaction
a time coincidence between the two detector systems was required. In-
elastically scattered protons were detected in SALAD and dilepton pairs
in the Plastic Ball. Since for both detectors the electronics readout was
organized independently, the coincidence mode was created on the trig-
ger level and implemented in the data acquisition.
For the data acquisition purposes at KVI the VME-based Alpha-
AXP computers were used. The real-time operating system running on
these computers is VxWorks. The data acquisition software for those
computers is programmed in C language. A number of preprogrammed
routines is available to the users for different VME electronics modules
as well as for some CAMAC electronics modules.
The actual acquisition of a detector system is performed in the fol-
lowing way. A CAMAC branch driver (CBD CSE 8210) is used to ini-
tialize electronics in CAMAC crates and for the readout as well, except
for the readout of SALAD FERA controller where a dual-port mem-
ory was used. A CORBO (CES RCB 8047) module is programmed to
receive an electronic trigger signal to start the data acquisition and to
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issue a veto (inhibit), signal while the readout is in progress. The veto
signal is used to disable incoming trigger signals while the computer
is busy. Once the event is acquired the veto signal is removed and a
new trigger signal can be accepted. Acquired events are buffered and
subsequently stored on magnetic tape and/or used by an online data
analysis.
The coincidence setup of the two detector systems was obtained by
using two separate acquisitions. To make a coincidence event from two
sub-events on separate computers a VIC-bus link was established be-
tween the two VME crates using a VIC (CES VIC 8251/FC) module.
In that way it was possible to merge a sub-event acquired on one com-
puter with the corresponding sub-event acquired on the other into one
coincidence event. Special attention was given to assure proper syn-
chronization; a tag was generated per trigger signal by one (master)
CORBO module and associated with both sub-events created at the
same time and consecutively checked when sub-events were merged.
Apart from being able to merge two data streams, the system was
programmed to handle also non-coincidence events, e.g. scaler events.
The maximum rates of the data acquisition were limited by the elec-
tronics readout; around 500 Hz for Plastic Ball and 4 kHz for SALAD
in the stand-alone mode. In the coupled mode (VIC-bus connection)
the maximum rate was limited by the Plastic Ball readout rate. The
rate of data acquisition during the experiment was around 350 Hz with
approximately 50% dead-time.
4.5.1 Trigger definition
Different trigger signals were used during the experiment. The trigger
for the investigated reaction ppe+e− was produced using the STU mod-
ule. The STU was programmed as discussed previously in section 4.3.3.
The NE−NV ≥ 2 condition was required for the trigger derivation. To
strobe the STU a mixture of M≥2 and downscaled M≥1 signals from
the Plastic Ball was used. The resulting trigger signals indicated can-
didates for ppγ or ppe+e− events. Though the STU can produce up to
four different signals, the other outputs were used only to monitor the
NE −NV difference.
The main trigger was defined as a mixture of four different compo-
nents. The main part of the trigger electronics is drawn in Fig. 4.12. In
























Figure 4.12: The trigger setup. See text for further explanation.
a downscaled signal of the cyclotron radio frequency (RF), Plastic Ball
M≥1, and SALAD OR signals were used for the purpose of diagnostics
and normalization measurements. For the downscaling and OR-ing of
individual triggers the GSI GS8000 NIM module was used. All inputs
and outputs of the module were connected to scalers for monitoring
purpose.
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